INTRODUCTION
The evolution of multicellularity is among the most notable transitions in the history of life (Grosberg and Strathmann, 2007) . Despite its reputation as a simple, ''unicellular'' eukaryote, the budding yeast Saccharomyces cerevisiae has proven to be a powerful model for this transition (Koschwanez et al., 2011; Ratcliff et al., 2012) . It frequently and reversibly abandons a solitary lifestyle in favor of diverse multicellular growth forms (reviewed in Brü ckner and Mö sch, 2012) . In doing so, individual yeast cells cooperate to protect themselves from the environment, from other organisms, and from starvation.
The cell surface adhesins that drive multicellularity are encoded by some of the most heavily regulated and yet rapidly evolving genes in the yeast genome (Hahn et al., 2005; Brü ckner and Mö sch, 2012) . Repeated selection for new adhesin phenotypes might support mechanisms that expedite their genetic diversification, including intragenic tandem repeats, gene multiplicity, and a subtelomeric location, all of which produce high recombination rates that drive the frequent appearance of new functional variants (Brü ckner and Mö sch, 2012) .
In opposition to the environmental pressures for diversification, multicellularity itself necessitates conformity: individual cells must act concertedly and cooperatively to maintain the integrity and therefore adaptive benefits of multicellular structures. This dichotomy may have favored the evolution of switch-like regulation in adhesin expression, resulting in binary or ''dimorphic'' transitions. Such switches are both genetic and epigenetic in nature. Mutations occur frequently in trans-acting regulators of adhesins (Halme et al., 2004) , whereas positiondependent genomic silencing (Halme et al., 2004) , cis-interfering noncoding RNAs (Bumgarner et al., 2012) , and stochastic associations with low-abundance transcription factors (Octavio et al., 2009) can each act as epigenetic toggle switches of adhesin expression. Self-perpetuating switches in the folding of certain proteins, known as prions, might also play a role (Patel et al., 2009; Halfmann et al., 2012) . Among these very different molecular mechanisms, the fact that prions are based on protein folding might give them an intrinsic capacity to transduce environmental changes into dominant and highly stable phenotypic changes.
Prion-forming proteins can exist in profoundly different structural states, at least one of which is a self-templating (prion) state. Proteins in the prion conformation interact with nonprion conformers of the same protein, converting them to prion conformers. The biochemically characterized prions are insoluble amyloid-like fibrils that cause heritable changes in the cellular distribution of the protein. Prions create phenotypes by diverse means-in many cases by sequestering proteins away from their normal cellular activities, but in others, endowing them with new activities (Derkatch et al., 2001; Rogoza et al., 2010; Suzuki et al., 2012) . Notably, the self-templating nature of prion conformations allows such phenotypes to be immediately and robustly heritable (Serio et al., 2000; Satpute-Krishnan and Serio, 2005) . This has generated a vigorous discussion about the potential significance of prions in yeast evolution (Pigliucci, 2008; Wickner et al., 2011; Koonin, 2012) .
Yeast cells normally switch between prion and nonprion states at low frequencies, but protein folding is extraordinarily sensitive to environmental stress (Chiti and Dobson, 2006) . Therefore, when cells are not well suited to their environment, i.e., when they are stressed, prion switching may accelerate (Tyedmers et al., 2008) . The net result is that a small fraction of stressed cells explores alternative phenotypes. Often, newly arising prions are detrimental (McGlinchey et al., 2011) . On occasion, however, the phenotypes revealed by prions are adaptive, enabling the prion-containing lineages to survive at times when they otherwise might perish (True and Lindquist, 2000; Halfmann and Lindquist, 2010) . Theoretical work supports the concept that prion switching may constitute a sophisticated form of ''bet-hedging'' (Griswold and Masel, 2009; Lancaster et al., 2010) . Despite the plausible functions of prion-based switches in gene regulation, the topic remains intensely controversial (Liebman and Chernoff, 2012) . Definitive evidence for prion functionality, including mechanisms that would link specific prion-protein conformational switches to environmental changes that are explicitly relevant to their functions, is wanting.
Here, we report that prion formation by the Mot3 transcriptional repressor regulates the acquisition of multicellular growth forms in budding yeast. The formation, elimination, and phenotypic manifestation of Mot3 prions each respond to specific environmental conditions. The effects of Mot3 prions are further determined by heritable variation between different yeast isolates. Mot3 prion switching is thus a molecular mechanism that couples natural environmental changes to heritable changes in gene expression. It might also provide a new route to the evolution of cooperative multicellular behaviors.
RESULTS

A Convergence of Prions at the Multicellularity Determinant, FLO11
The functions of known yeast prions are heavily biased for gene regulation (Halfmann and Lindquist, 2010) . To identify regulatory functions that might be associated with prion switching, we compared the published regulons of transcription factors that we and others have shown to be capable of forming prions (Alberti et al., 2009; Patel et al., 2009; Rogoza et al., 2010) . The regulons of all three experimentally verified prion-forming transcription factors (Cyc8, Mot3, and Sfp1), as well as Gln3, a prion-like transcription factor that is itself the major regulatory target of the Ure2 prion (Wickner, 1994; Kulkarni et al., 2001 ), overlapped at only two genes: FLO11, encoding a cell wall-anchored glycoprotein; and HXT2, encoding a high-affinity glucose transporter ( Figure 1A ). Both genes are naturally induced by stress and by nutrient deprivation (Ozcan and Johnston, 1999; Tü rkel, 1999; Brü ckner and Mö sch, 2012) . The probability that any given ORF would be regulated by all four of these transcription factors, by chance, is 1.21 3 10 À5 (Extended Experimental Procedures available online).
Notably, FLO11 is also regulated by the chromatin-remodeling factor Swi1 (Barrales et al., 2012) , yet another type of transcriptional regulator that is capable of forming a prion (Du et al., 2008) . Other transcription factors are likely to be prions. Therefore, to reduce bias, we also undertook a complementary computational Figure S1 and Tables S1 and S2. analysis to determine if the 32 transcription factors annotated to regulate FLO11 are significantly enriched for the presence of prion-like domains, including those that have not yet been discovered to act as prions. We used a modified hidden Markov model algorithm (Alberti et al., 2009) to predict the prion propensities for all yeast transcription factors. We then asked whether the observed distribution of this propensity score for the regulators of FLO11 was significantly different from random samples of 32 transcription factors using a bootstrap approach (Extended Experimental Procedures). We found that regulators of FLO11 had a higher enrichment for prion propensity than expected by chance (p = 0.017).
Why might the FLO11 regulatory interactome be inundated with prion regulators? Three aspects of its biology suggest an answer. First, as the principal determinant of multicellularity; Flo11 enables single cells to differentiate into multicellular structures, including cell clumps, chains, and biofilms (Brü ckner and Mö sch, 2012) . The success of any multigenerational developmental program of this nature necessitates a stable molecular commitment (which prions provide) rather than the shortterm responses of conventional regulatory networks. Second, FLO11 expression switches between expression states at multiple frequencies, ranging from approximately once every three cell divisions to once in a thousand cell divisions (Kuthan et al., 2003; Halme et al., 2004; Octavio et al., 2009 ). This is relevant because prion-based switches have also been found to occur at multiple frequencies, from 10 À7 to 10 À2 per cell division (Liebman and Chernoff, 2012) . Finally, FLO11 is induced by, and is thought to protect against, environmental stresses (Brü ckner and Mö sch, 2012). Prions are intrinsically sensitive to changes in protein homeostasis (Tyedmers et al., 2008) and may, therefore, be able to act as ''sensors'' of environmental stress. These considerations led us to test whether the gain and loss of prion states by prion-forming transcription factors might induce facultative multicellular transitions in response to environmental adversities.
Isolation of [MOT3
+
] Colonies Given the well-known instability of FLO11 expression, and the multitude of factors responsible for regulating it, we reasoned that simply correlating FLO11 expression dynamics with individual prions would not provide a sufficiently rigorous test of our hypothesis. Instead, we employed a reverse approach, in which we isolated stable prion states on the basis of a completely orthogonal phenotype and then queried their effects on FLO11. To this end, and to facilitate follow-up experiments, we focused on Mot3, a transcription factor with a relatively discrete set of gene targets and well-characterized biology. The consensus binding motif for Mot3 (nucleotide sequence HAGGYA) occurs 16 times upstream of FLO11 (Table S1 ), far more frequently than expected by chance (cumulative binomial probability of 0.007). Mot3 normally represses FLO11 (Carter et al., 2007) and other genes involved in remodeling the yeast cell surface (Table S2 ; annotation clusters 1, 2, and 6 designate cell walland cell membrane-localized gene products; cluster 4 designates gene products involved with membrane biosynthesis). Oxygen depletion alleviates this repression (Sertil et al., 2003; Lai et al., 2006) .
To provide a facile orthogonal measure of Mot3 prion switching, we placed a URA3 gene under the control of a Mot3-regulated promoter (DAN1), in a strain that also carries a ura3 deletion (Alberti et al., 2009 ). Mot3 normally represses this promoter. When Mot3 switches to the prion state, however, it should sequester the protein away from the genome, derepressing URA3 and allowing cells to grow without uracil ( Figure 1B) (Liu et al., 1996) , we mated the Mot3-reporter strain with a ura3 FLO8 strain (S1278b) to produce a hybrid diploid competent for FLO11 expression. This strain spontaneously acquired a Ura + phenotype at a frequency of $10 À4 to 10 À3 , depending on the stringency of selection ( Figure S1 ). One defining feature of prion biology is that overexpression of the prion protein increases the frequency at which the prion appears in a population of prion minus cells (Wickner, 1994; Alberti et al., 2009 Another characteristic common to prions formed by amyloidogenic proteins is a requirement for Hsp104. This proteinremodeling factor fragments prion amyloid fibers and enables prion templates to be inherited by daughter cells. To test if the Ura + phenotype was due to a prion switch, we passaged cells on media containing 3 mM guanidine hydrochloride (GdHCl), a selective inhibitor of Hsp104 (Ferreira et al., 2001) . We then passaged them to media lacking GdHCl before testing for the continued inheritance of the Ura + phenotype. As was previously demonstrated in a different genetic background by Alberti et al. (2009) , this treatment restored Ura + cells to the original, ura À phenotype ( Figure S1B ). To ensure that this was not due to an off-target effect of GdHCl, we used a genetic approach-transiently expressing a dominantnegative variant of Hsp104 (Chernoff et al., 1995) , Hsp104 DN . This treatment also restored the ura À phenotype. Overexpression of WT Hsp104 did not (Figures S1C and S1D). Thus, the inheritance of the Ura + phenotype requires the continuous activity of Hsp104.
As noted above, the self-templating structure for most prions is an amyloid fiber. Most amyloids are extraordinarily resistant to solubilization by detergents, and this property can be used to distinguish amyloids from other noncovalent protein complexes (Alberti et al., 2009) . To verify that the prion responsible for the Ura + phenotype is indeed formed by Mot3, we used semidenaturing detergent-agarose gel electrophoresis (SDD-AGE).
SDD-AGE resolves amyloids from nonamyloid aggregates and soluble proteins based on size and insolubility in SDS. By probing SDD-AGE blots for the naturally occurring hexa-histidine motif of Mot3, we found that SDS-resistant aggregates of Mot3 occurred in Ura + cells, but not in ura À cells ( Figure S1B ] colonies acquired invasive filaments that could not be dislodged ( Figure 2A ).
In addition to invasive growth in response to nitrogen starvation, Flo11 can induce complex colony architectures in response to starvation for fermentable carbon sources (Granek and Magwene, 2010 Figure 2A ; data not shown).
Another stimulus of Flo11-dependent colony differentiation is growth on a semisolid substratum (Reynolds and Fink, 2001) . When grown on semisolid media, with ethanol as a carbon source, [MOT3 + ] cells differentiated into an elaborate compound structure consisting of well-developed microcolonies embedded in a transparent gelatinous matrix ( Figure 2B ). Notably, the matrix was impenetrable to isogenic yeast cells applied to the exterior of the colony ( Figure S2 ). In striking contrast, [mot3 À ] colonies again failed to differentiate, instead producing a simple smooth colony lacking a prominent gelatinous exterior.
Finally, we examined a quite different multicellular behavior. Some yeast strains clump together, or flocculate, toward the end of fermentation in liquid media. Unlike phenotypes typically driven by Flo11, which result from cell-cell interactions between mother cells and their daughters, flocculation results from ''horizontal'' association between cells. This behavior is industrially desirable but notoriously unstable; flocculation competence is frequently and stochastically gained and lost (Verstrepen et al., 2003 Figure 4D ). The phenotype was not maintained when the plasmid was lost, indicating that it required continuous expression of Mot3 (data not shown).
To verify that the phenotype was due to PrD-mediated aggregation, and not some other effect of overexpressed Mot3, we repeated the experiment with plasmids encoding either the DPrD variant of Mot3 or the highly aggregation-prone PrD alone (Alberti et al., 2009) . As expected, expression of DPrD suppressed the formation of Ura + colonies. To our surprise, however, expression of the PrD had no effect ( Figure 4D ). These results suggest that the Mot3 prion templates are themselves insufficient to stabilize the Ura + phenotype of Dmot3 cells.
Instead, the stable phenotype requires the prion-mediated sequestration of a region of the Mot3 protein that is outside the prion-forming region. It seems likely that the gain of function of [MOT3 + ] results from the cosequestration of one or more transcriptional corepressors that interact with this region of Mot3, as illustrated in Figure 4E .
A Typical Environmental Condition, Ethanol Stress, Induces [MOT3 + ] Multicellular behaviors are commonly induced by environmental stresses. At least one prion, formed by the translation termination factor, Sup35, also shares this property (Tyedmers et al., 2008 (Figure S3A ; data not shown). Only one stressor, ethanol, had an effect. Treating cells for 6 hr with a concentration of ethanol that is commonly reached in wine fermentations (12%) increased the frequency of Ura + colonies by $10-fold ( Figures 5A and S3 ). Cells bearing a DPrD MOT3 gene were unable to form Ura + colonies in response to ethanol. Importantly, the treatment was Figure S3B ). Ethanol stress causes protein misfolding and strongly induces the proteinremodeling factor Hsp104 ( Figure S3B ; Sanchez et al., 1992) . Hsp104 has previously been found to stimulate prion conversion by other prion proteins (Shorter and Lindquist, 2006; Kryndushkin et al., 2011 To analyze Mot3 prion formation in nonlaboratory yeast, we integrated a dominant drug-resistance reporter for Mot3 activity ( Figure 6A ) into genetically and ecologically diverse, yet experimentally tractable, natural isolates of S. cerevisiae (Liti et al., 2009 (Table S3) , 28 ( Figure S4A ) readily acquired the resistance phenotype indicative of the prion. We further focused on ten divergent strains ( Figure 6B ) that retained strong resistance phenotypes even after loss of the inducing plasmid (as expected for cells harboring the prion). When examined by SDD-AGE, they contained Mot3 amyloids ( Figure S4C ). Hypoxia eliminated the phenotype and eliminated the amyloids (Figures S4B and S4C Figures 6C, 6D , and S4D-S4H; Table S4 ). Two strains, the grape/wine isolates L-1374 and Y-55, exhibited strong increases in multiple multicellular behaviors. In the absence of the prion, they were noninvasive and formed smooth colonies under all growth conditions. (legend continued on next page) But when they contained [MOT3 + ], they became invasive on proline media and acquired complex colony morphologies on ethanol media. The colony morphologies were also manifest, to a lesser extent, on glucose media.
[MOT3 + ] had specific multicellular effects in other strains.
In the fermenting fruit juice isolate DBVPG6040, [MOT3 + ] conferred a strong invasive phenotype but had no effect on colony morphology. In contrast, the tecc (honey wine) isolate DBVPG1853 had altered colony morphologies in the . If the causative genetic differences acted exclusively by influencing the prion itself, we would expect the deletion to have the same phenotypic effect in both backgrounds. If, conversely, the causative genetic differences are themselves subject to prion regulation, the genetic ablation of Mot3 activity would be expected to produce different effects in each background. As shown in Figure 6D , the latter scenario proved true: MOT3 deletions produced different effects in the two strains and, in both, phenocopied [MOT3 + ].
Altogether, these data demonstrate that Figure 6D ; data not shown).
The number and arrangement of Mot3 binding motifs in the FLO11 promoter did not differ significantly between strains and, therefore, are unlikely to account for [MOT3 + ]-dependent phenotypic differences (Table S1 ). Instead, we discovered that the FLO11-coding region is itself highly polymorphic, with different strains harboring different repeat length variants (Figure S4I ). The number of tandem repeats within cell surface adhesins correlates with their activity (Verstrepen et al., 2005) 
DISCUSSION
The evolutionary constraints on multicellularity are stringent (Grosberg and Strathmann, 2007) . Multicellularity involves mechanisms for cell differentiation, cooperation, and the control of defector cells that might promote their own growth at the expense of the integrity of the multicellular structure. We have demonstrated that a self-perpetuating conformational switch in a protein provides a mechanism to drive multicellular growth in a ''unicellular'' organism. The Mot3 transcription factor lies at the helm of a Flo11-dependent developmental program. The successful deployment of that program necessitates an epigenetic commitment that spans multiple generations. The self-perpetuating nature of prion propagation ensures that commitment. Prion conversion by Mot3 activates the multicellularity program and stably perpetuates that state to subsequent generations. By virtue of their common descent and shared prion inheritance, all cells in the lineage remain physically and metabolically connected. The complex heritable phenotypes that emerge from this cooperation would be difficult to achieve by a group of cells each acting independently.
Yeast multicellularity is deeply intertwined with carbon metabolism. The multicellularity determinants FLO11 and FLO1 are coregulated with glucose, sucrose, and starch metabolic programs (Verstrepen and Klis, 2006 ). Mot3 appears to be an important regulator of carbon metabolism: its targets are most heavily enriched for sugar transporters, sterol biosynthetic enzymes, and alcohol dehydrogenases (Table S2) Figure S4 and Tables S4 and S5 . models suggest that multicellularity may have evolved in response to competition between carbon metabolism strategies (Pfeiffer et al., 2001 ), a hypothesis supported by correlations between dimorphic transitions and glucose depletion (Verstrepen and Klis, 2006) . Thus, Mot3 establishes a paradigm that links prions with carbon metabolism and facultative multicellularity. Importantly, there may be many such prions. Two major regulators of carbon metabolism and multicellularity, Cyc8 and Swi1, were recently found to form prions (Du et al., 2008; Patel et al., 2009) . Another prion, which involves the transmembrane proton pump, Pma1, also governs carbon source utilization (Brown and Lindquist, 2009) .
Prion Formation as a Potential Function of Mot3
Mot3 is a key player in the cellular response to oxygen availability. When oxygen is limiting, Mot3 levels rapidly decrease, resulting in the derepression of its genetic targets (Sertil et al., 2003; Lai et al., 2006) . Paradoxically, however, hypoxia does not produce the same multicellular responses as [MOT3 + ]. In fact, oxygen is strictly required for Flo11-dependent colony morphologies and filamentation (Wright et al., 1993; Zupan and Raspor, 2010 (Ough and Stashak, 1974) . Each of these nutrients can only be metabolized in the presence of oxygen (Ingledew et al., 1987) . Indeed, the strongest [MOT3 + ]-dependent responses occurred when cells were forced to grow with either ethanol as a carbon source or proline as a nitrogen source. Physiological responses to these nutrients would be counterproductive during anaerobic growth. The natural regulation of MOT3 by hypoxia parsimoniously overrides the carbon-and nitrogenlimitation signals by eliminating [MOT3 + ]. Why should cells employ a prion-a semistochastic switchto regulate fundamental metabolic pathways? Prion switching divides large populations into mosaics of distinct subpopulations, and recent work reveals that cell-to-cell heterogeneity in metabolic processes can be maintained through cooperative interactions that benefit the population as a whole (Beardmore et al., 2011; MacLean, 2008 (Figure 7 ). These signals naturally happen in sequence: as ethanol concentrations reach a peak, yeast switch from fermentative to respirative metabolism. The oxidative respiration of ethanol and remaining sugars then depletes molecular oxygen from the local environment (Bauer and Pretorius, 2000) . The ensuing hypoxia reverts cells back to the [mot3 À ] state. Accordingly, Mot3 prion switching may constitute an explicit mechanism that contributes to the recently discovered (Mitchell et al., 2009 ) capacity of yeast to adaptively ''anticipate'' the environmental changes that occur sequentially in the course of wine production. With the exception of phenomena that involve the uptake of foreign nucleic acids (Koonin, 2012) , the elimination of [MOT3 + ] by hypoxia is, to our knowledge, the only example of a stably inherited phenotypic change that is induced en masse by a specific environmental change. In sum, we have demonstrated that prions formed by a yeast transcription factor enable the differentiation of yeast cells into facultative multicellular structures. The formation, inheritance, and phenotypic manifestation of the prions were dictated by natural environmental signals and by an abundance of heritable genetic variation between yeast isolates. These relationships explicate some of the natural diversity and plasticity of multicellular phenotypes and promise to further our understanding of the molecular mechanisms that enable the evolution of social behaviors.
Complexity of Multicellular Phenotypes
EXPERIMENTAL PROCEDURES Computational Analyses
Genetic targets of transcription factors were obtained from YEASTRACT (Teixeira et al., 2006) and from Wong and Struhl for the Cyc8-Tup1 complex (Wong and Struhl, 2011) . Prion propensities were predicted using a previously developed algorithm (Alberti et al., 2009 ) with parameters updated according to experimentally confirmed prion hits. An independent algorithm (Toombs et al., 2012) was also used, with comparable results. Functional annotations were determined using the functional clustering analysis in DAVID release 6.7 (Huang et al., 2009 ) with the highest classification stringency. Mot3 binding motifs in the 3 kb regulatory region 5 0 upstream of the FLO11 gene (Rupp et al., 1999) were identified in all strains according to a frequency matrix for the Mot3 motif (Bryne et al., 2008) .
Yeast Genetics and Molecular Biology
Standard cloning procedures were used (Alberti et al., 2009 ). Oligos and plasmid sequences are available upon request. Chromosomal integrations were achieved using PCR-based mutagenesis and the delitto perfetto method (Goldstein and McCusker, 1999; Storici and Resnick, 2006) . Yeast were transformed with a standard lithium-acetate protocol as described by Gietz et al. (1992) . Yeast strains are listed in Table S3 .
Yeast Media and Phenotypic Analyses
Standard yeast media and growth conditions were used. Where appropriate, glucose was replaced with 2% ethanol or glycerol, and ammonium sulfate was replaced with 0.05% proline. Semisolid media contained 0.3% agar. For agar invasion analyses, colonies were allowed to grow for 5 days at 25 C. Plates were photographed before and after the removal of noninvasive cells by dislodging surface cells under running water. Flocculation was assayed after growth to saturation in YPD containing 20% glucose.
Hypoxia Treatments
Cells were point inoculated to YPD plates supplemented with Tween 80 and ergosterol (Hongay et al., 2002) and placed in a sealed bag containing a BD GasPak EZ Anaerobe Pouch System sachet. After 5 days at 30 C, cells were retrieved from the outer perimeter of colonies to a fresh YPD plate and allowed to form colonies under standard laboratory conditions prior to subsequent analyses.
SDD-AGE SDD-AGE was performed as described (Halfmann et al., 2012) .
qRT-PCR Total RNA was extracted using MasterPure Yeast RNA Purification Kit (Epicenter) as instructed by the manufacturer. cDNAs were generated using oligo(dT) 20 and the Superscript III First-Strand Synthesis System (Invitrogen). qPCR was carried out using the DyNAmo HS SYBR Green qPCR Kit (Thermo Fisher Scientific) on the HT 7900 Real-Time PCR System (Applied Biosystems). RQ values were normalized against those for ACT1 or TFC1. Primers are listed in Table S6 . 
SUPPLEMENTAL INFORMATION
